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A biosynthetic thiolase in complex with a reaction intermediate:
the crystal structure provides new insights into the catalytic
mechanism
Yorgo Modis1 and Rik K Wierenga2*
Background: Thiolases are ubiquitous and form a large family of dimeric or
tetrameric enzymes with a conserved, five-layered αβαβα catalytic domain.
Thiolases can function either degradatively, in the β-oxidation pathway of fatty
acids, or biosynthetically. Biosynthetic thiolases catalyze the biological Claisen
condensation of two molecules of acetyl-CoA to form acetoacetyl-CoA. This is
one of the fundamental categories of carbon skeletal assembly patterns in
biological systems and is the first step in a wide range of biosynthetic
pathways, including those that generate cholesterol, steroid hormones, and
various energy-storage molecules.
Results: The crystal structure of the tetrameric biosynthetic thiolase from
Zoogloea ramigera has been determined at 2.0 Å resolution. The structure
contains a striking and novel ‘cage-like’ tetramerization motif, which allows for
some hinge motion of the two tight dimers with respect to each other. The
protein crystals were flash-frozen after a short soak with the enzyme’s substrate,
acetoacetyl-CoA. A reaction intermediate was thus trapped: the enzyme
tetramer is acetylated at Cys89 and has a CoA molecule bound in each of its
active-site pockets.
Conclusions: The shape of the substrate-binding pocket reveals the basis for
the short-chain substrate specificity of the enzyme. The active-site architecture,
and in particular the position of the covalently attached acetyl group, allow a
more detailed reaction mechanism to be proposed in which Cys378 is involved
in both steps of the reaction. The structure also suggests an important role for
the thioester oxygen atom of the acetylated enzyme in catalysis.
Introduction
Thiolases are ubiquitous enzymes that have key roles in
many vital biochemical pathways [1,2], including the
β-oxidation pathway of fatty acid degradation and various
biosynthetic pathways. Members of the thiolase family
can be divided into two broad categories: degradative thio-
lases (EC 2.3.1.16) and biosynthetic thiolases (EC 2.3.1.9).
Degradative thiolases, also known as 3-ketoacyl-CoA thio-
lases, catalyze the thiolytic cleavage of 3-ketoacyl-CoA
molecules to yield acetyl-CoA and a shortened acyl-CoA
species. This is the fourth and final step in the β-oxidation
pathway of fatty acids, which is responsible for the extrac-
tion of the metabolic energy stored in fats and fatty acids
[3]. Biosynthetic thiolases, also known as acetoacetyl-CoA
thiolases, catalyze the biological Claisen condensation of
two acetyl-CoA molecules to form acetoacetyl-CoA [4].
Acetoacetyl-CoA is the shortest possible 3-ketoacyl-CoA
molecule as it has a four carbon fatty acid tail. The Claisen
condensation reaction is one of the fundamental categories
of carbon skeletal assembly patterns in biological systems
and is the first step in many biosynthetic pathways. In
mammals and other higher eukaryotes, these include the
pathways leading to the synthesis of ketone bodies, chole-
sterol and steroid hormones. Certain prokaryotes rely
heavily on biosynthetic thiolases for the synthesis of poly-
3-D-hydroxybutyrate (PHB) as their principal intracellular
lipid reserve [5,6]. One such organism is the floc-forming
bacterium Zoogloea ramigera isolated from activated sludge
[7]. Biosynthetic thiolases are also able to catalyze the
reverse degradation reaction and in this case have a strict
substrate specificity for acetoacetyl-CoA, this is in contrast
to the broad range of chain-length specificities of the
degradative thiolases [8–10]. Unlike peroxisomal degrada-
tive thiolases, which are active as dimers [8], biosynthetic
thiolases are homotetramers [11]. The importance of thio-
lases is emphasized by the severity of the usually lethal
phenotypes of patients with deficient degradative [12,13]
or biosynthetic [14,15] thiolases.
Since the discovery of thiolase activity in 1952 [16], the
thiolase reaction mechanism has been studied in some
detail. The biosynthetic thiolase reaction is thermodynam-
ically unfavorable [2]. However, large excesses of acetyl-
CoA (produced during fatty acid β-oxidation or after
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glycolysis), and the prompt removal of acetoacetyl-CoA by
the next enzyme in the biosynthetic pathway, allow the
biosynthetic reaction to proceed in vivo.
Enzyme kinetics, active-site labeling and site-directed
mutagenesis experiments allowed two conserved cysteine
residues to be identified as being important for catalysis
[2,17]. On the basis of these studies, a ‘ping-pong’ reaction
mechanism consisting of two steps was proposed [18]. In
the first step of the reaction, a nucleophilic cysteine
residue [2] attacks the acyl-CoA substrate, leading to the
formation of a covalent acyl-CoA intermediate [1,19,20].
In the second step, the addition of acetyl-CoA (in the
biosynthetic reaction) or CoA (in the degradative reaction)
to the acyl–enzyme intermediate triggers the release of
the product from the enzyme. An additional cysteine
residue with a basic character is required to catalyze both
steps of the reaction [17,21]. More recently, the crystal
structure of the dimeric peroxisomal degradative thiolase
from Saccharomyces cerevisiae was refined at 1.8 Å resolution
[22,23]. The structure revealed the architecture of the
enzyme’s active site, lending support to active-site label-
ing studies [5], which suggested that a third residue — a
histidine — is required to activate the nucleophilic cys-
teine for catalysis in the first step of both the biosynthetic
and degradative thiolase reactions. 
The work presented here describes the three-dimensional
structure of the tetrameric biosynthetic thiolase from
Z. ramigera in complex with a reaction intermediate at
2.0 Å resolution. The enzyme has the same overall fold as
the β-ketoacyl carrier protein synthase II [24], and the
dimeric peroxisomal degradative thiolase from S. cerevisiae
[22]. In our structure the covalent acetyl–enzyme inter-
mediate, first proposed by Gehring and Lynen [1,19] and
later studied by others [2,20,25,26], has been trapped by
flash-freezing the crystals after a short soak in a solution
containing acetoacetyl-CoA substrate. The enzyme mol-
ecules in the crystal structure were catalyzing the degrada-
tion of acetoacetyl-CoA before being frozen and the
structure shows a molecule of CoA poised for nucleophilic
attack on the acetyl moiety of acetyl-(Cys89). 
Results and discussion
Quality of the model
The model for biosynthetic thiolase was refined with data
between 50 and 1.92 Å resolution and consists of a
tetramer made up of two associated tight dimers. One CoA
molecule has been modeled into each of the four active
sites in the tetramer; 718 water molecules and six sulfate
ions have also been included in the model. All residues
and their sidechains were clearly defined by the electron-
density maps, with the exception of residues 1–3 which
were omitted from the model. Although the structure of
subunits A and B (including the bound CoA molecules) is
of high quality, the electron density is weaker for subunits
C and D and these subunits also have significantly higher
B factors (Table 1). The structure of the B subunit is used
as the reference in the following discussion.
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Table 1
Data processing, refinement statistics and quality of the
model.
Data processing statistics*
<I/σ(I)> 6.8, 5.0, 4.6
<I>/σ(<I>) 15.5, 6.1, 3.5
Completeness (%) 93.0, 76.8, 41.5
Multiplicity 4.4, 1.8, 1.5
Rmeas† (%) 9.3, 17.2, 19.9
Rsym‡ (%) 8.4, 13.0, 14.1
Refinement statistics
Total number of reflections 20–1.92 Å 127,433
Working set number of reflections 120,995
R factor (%) 20.9
Test set number of reflections 6438
Rfree (%) 25.6
Total number of protein atoms 11,264
Total number of coenzyme A molecules 4
Total number of water molecules 718
Total number of sulfate ions 6
Geometry statistics
Rmsd bond distances (Å) 0.018
Rmsd bond angles (°) 2.2
Rmsd B factors
mainchain bonded atoms (Å2) 3.31
sidechain bonded atoms (Å2) 5.82
all bonded atoms (Å2) 4.37
Average B factors
all protein atoms (Å2) (A, B, C, D) 39.6 (24.4, 24.2, 48.5, 61.2)
mainchain atoms (Å2) (A, B, C, D) 37.8 (22.5, 22.1, 46.8, 59.7)
sidechain atoms (Å2) (A, B, C, D) 41.8 (26.7, 26.9, 50.8, 62.9)
CoA molecules (Å2) (A, B, C, D) 68.6 (39.9, 42.3, 80.7, 111.6)
water molecules (Å2) 35.5
sulfate ions (Å2) 55.7
χ1, χ2 imperfection (°)§ 35.0
Ramachandran plot#
Residues in most favored region (%) 90.7
Residues in additionally allowed regions (%) 8.8
Residues in generously allowed regions (%) 0.5
Residues in disallowed regions (%) 0.1
Noncrystallographic symmetry¶
Rmsd Cα atoms (Å) 0.127, 0.163, 0.179
Rmsd B factors
all atoms (Å2) 5.0, 26.3, 41.5
mainchain atoms (Å2) 4.1, 26.4, 42.1
sidechain atoms (Å2) 5.9, 26.3, 40.7
Rmsd φ (°) 5.9, 7.9, 7.8
Rmsd ψ (°) 7.0, 8.7, 8.7
Average |∆φ| (°) 4.6, 6.3, 6.3
Average |∆ψ| (°) 4.5, 6.5, 6.5
*Data processing statistics determined for three resolution ranges:
50–2.03Å; 2.15–2.03Å; and 2.03–1.92Å. I, intensity. <I>, mean
intensity. σ, standard deviation. †Rmeas = (Σhkl (nh/nh – 1)1/2Σi|Ihkl,i – <I>h|)/
ΣhklΣi|Ihkl,i| and ‡Rsym = (ΣhklΣi|Ihkl,i – <I>h|)/ΣhklΣi|Ihkl,i| for n independent
reflections and i observations of a given reflection. §The χ1, χ2
imperfection value [44] is the root mean square deviation (rmsd)
between observed χ1, χ2 values and the nearest preferred values as
defined by a database of well-refined structures. #Residue regions as
defined by PROCHECK [27]. ¶Noncrystallographic symmetry of
subunits B and A, B and C, B and D.
The final refinement statistics and the geometry of the
protein in the model are as expected for a well-refined
structure at 2.0 Å resolution (Table 1). Only two residues,
Leu88 and Asn65, have φ,ψ angles in disallowed or gener-
ously allowed regions of the Ramachandran plot (as
defined by PROCHECK [27]), in all four subunits. Leu88
(φ = 47°, ψ = –126°) is located in the active site, adjacent
to the catalytic Cys89; Asn65 (φ = 25°, ψ = 82°) is in a well-
defined loop preceding an α helix, and is followed by a
proline residue. There are essentially no structural differ-
ences between the four subunits (Table 1).
Overall fold
Biosynthetic thiolase from Z. ramigera adopts the same
overall fold as yeast peroxisomal degradative thiolase [22]
(Figure 1), as expected from the 38% sequence identity
observed between the two enzymes (Figure 2). Thiolases
form a well-defined family [28], which can be recognized
by any of three sequence ‘fingerprints’ in the PROSITE
database (entry codes PS00098, PS00099 and PS00737).
The thiolase fold consists of three domains: two core
domains and a loop domain. Residues 4–118 and 250–272
fold into the N-terminal core domain, or N domain. The
intervening residues (119–249) form the loop domain.
The C-terminal core domain, or C domain, consists of
residues 273–392. The two core domains have the same
topology: a five-stranded mixed β sheet covered by
helices on both sides. Thus, the assembly of the N and
C domains forms a compactly folded, five-layered struc-
ture (Figure 1). The two mixed β sheets are ‘sandwiched’
between three α-helical layers each containing two
helices. The loop domain contains a motif involved in
tetramer formation (Figure 2).
Tetramer formation 
Biosynthetic thiolase forms tetramers in solution [29]. The
biosynthetic thiolase tetramer is made up of two associ-
ated tight dimers bearing a close resemblance to the dimer
observed in the crystal structure of yeast degradative thio-
lase [22]. The two dimers assemble via a striking and
novel tetrahedral ‘cage-like’ tetramerization motif
(Figures 3a,b). The molecular surface area buried at this
dimer–dimer interface is 2200 Å2. The number of inter-
molecular contacts of up to 3.5 Å across the interface is
much larger than in any of the other contact areas of the
dimers in the crystal lattice (90 versus 20 contacts or less),
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Figure 1
The overall structure of biosynthetic thiolase.
Stereoview superpositions of the Cα traces of
biosynthetic thiolase and yeast degradative
thiolase. The three domains of the
biosynthetic thiolase are color-coded:
N domain (residues 4–118, 250–272), green;
loop domain (residues 119–249), yellow; and
C domain (residues 273–392), red. The
degradative thiolase is colored light gray. The
CoA molecule as it binds biosynthetic thiolase
is shown in stick representation. The
superpositions were performed using only the
core β strands (residues 52–58, 82–86,
111–118, 250–260, 273–282, 312–323,
336–338, 341–351 and 383–390). (a) View
into the active site along the twofold axis of
the A–B dimer. An MPD molecule bound at
the bottom of the active-site pocket of
degradative thiolase is shown in dark gray
(just below residue 380). (b) 90° rotation with
respect to (a). The tetramerization loop
(residues 123–141) and the loop containing
basic residues Arg207 and Lys208 are
markedly different in the two structures.
Residues 11 and 129 (labeled in red) were
found to be mutated with respect to the
previously published sequence [32] (see text).
(The figure was made using the programs
MOLSCRIPT [45] and Raster3D [46].)
confirming that this interface is involved in the formation
of tetramers in vivo. The tetramerization motif consists of
a single loop, which will be referred to as the tetrameriza-
tion loop, and is made up of 19 residues (residues
123–141) at the beginning of the loop domain (Figure 2).
The loop is made up of three strands of roughly equal
length. The strands each contain up to three residues in
the β-strand conformation and fold into a triangular shape
(Figure 3b). Each strand assembles into a two-stranded
antiparallel β sheet (or sheet-like assembly). Strand 1 of
subunit A (strand A1) assembles with strand 1 of subunit B
(strand B1). Similarly, strand A2 assembles with strand C2,
and strand A3 assembles with strand D3, and so on. Thus,
a total of six two-stranded antiparallel sheets are formed
per tetramer. Sheets made up of the same type of strand
are related by a local twofold axis, that is, sheet A1–B1 is
equivalent to sheet C1–D1, sheet A2–C2 is equivalent to
sheet B2–D2, and sheet A3–D3 is equivalent to sheet
B3–C3. Another feature of this assembly is that stretches
of the tetramerization loop of one subunit form antiparal-
lel sheets with stretches of every other subunit in the
tetramer. The resulting assembly has the shape of a flat-
tened tetrahedron, with the four triangles defined by each
tetramerization loop as the four sides of the tetrahedron,
and three pairs of antiparallel two-stranded sheets as the
six edges of the tetrahedron (Figure 3b).
In addition to the hydrogen bonds formed between adja-
cent strands, the tetramerization motif is stabilized by a
number of hydrophobic interactions at the heart of the
tetrahedral assembly. The center of this hydrophobic core
is made up of four methionine residues, namely Met139
from each subunit. These methionine residues stack in two
pairs. The hydrophobic core is completed by the sidechains
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Figure 2
Sequence alignment of biosynthetic thiolase
(BSYNTH) and peroxisomal degradative
thiolase from Saccharomyces cerevisiae
(SCER). The secondary structure elements of
biosynthetic thiolase are indicated above the
sequences: β strands are identified by arrows
and α helices by cylinders. The nomenclature
for the secondary structure elements is that
first used for degradative thiolase [22]. The
secondary structure elements are colored
according to the domain to which they
belong: green, N domain; red, C domain; and
yellow, loop domain. Residues conserved in
both sequences are colored green (Ser/Thr,
Asp/Glu and Lys/Arg are considered
equivalent). The sequence identity is 38%.
The catalytic residues are boxed. Residues
belonging to the tetramerization motif of
biosynthetic thiolase are colored blue, with the
second of the three strands in the motif in a
darker shade of blue. Residues belonging to
the specificity loop, which is responsible for
determining the substrate specificity of the
two enzymes, are colored red.
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Structure
of Ala126, Leu128, Val132 and Phe137 (Figure 3b). This
brings the total number of hydrophobic residues in the
hydrophobic core of the cage to five per monomer and 20
for the whole tetramer. Thus, hydrophobic interactions
Research Article  Tetrameric biosynthetic thiolase complex Modis and Wierenga    1283
Figure 3
Stereoviews of the biosynthetic thiolase
tetramer and its ‘tetrahedral cage’
tetramerization motif. The view is similar to that
in Figure 1b, with the dimer twofold axis of the
two tight dimers approximately vertical. (a) The
tetramer is colored according to the B factor
of the Cα atom of each residue: dark blue
corresponds to a B factor of ~5 Å2; red
corresponds to a B factor of 100 Å2. The A–B
dimer has significantly lower B factors than the
C–D dimer. This is a result of the layered
packing in the crystal lattice (see text). The
molecules of CoA bound to each of the four
subunits are shown in stick representation.
(b) Cα trace of the tetramerization motif in the
same view as in (a). Strands 1–3 of each
chain are labeled in italics. The sidechains of
the residues participating in the hydrophobic
core of the motif (Ala126, Leu128, Val132,
Phe137 and Met139) are shown. (c) The
molecular surface of the biosynthetic thiolase
tetramer colored according to electrostatic
potential. The CoA molecules are shown in
stick representation. The protruding basic
sidechains of Arg207 and Lys208 are near the
5′-phosphate groups of the CoA molecules
bound to the opposing dimer. A small hinge
motion near the tetramerization motif would
bring these sidechains within hydrogen-
bonding distance of the phosphate groups,
which could be important for catalysis. (Parts
(a) and (b) were prepared using the programs
MOLSCRIPT [45] and Raster 3D [46]; part
(c) was made using GRASP [47].)
provide a major contribution to the total binding energy
which keeps the A–B and C–D dimers associated as a
tetramer. The compact hydrophobic core of the tetramer-
ization motif and the surprising lack of interactions between
the tetramerization motif and the rest of the protein result
in a discrete assembly which seems as if it would be equally
stable in the absence of any flanking sequence.
The lack of interactions between the tetramerization
motif and the rest of the protein, and the absence of
interdimer contacts outside the tetramerization motif,
strongly suggest that there is some degree of positional
flexibility of the A–B dimer with respect to the C–D
dimer, at least in solution. The ability of the regions
flanking the tetramerization motif to act as a molecular
hinge would also explain why the C–D dimer can have
relatively high B factors, whereas the A–B dimer is well
ordered (Table 1).
Mode of CoA binding
The electron-density maps show a CoA molecule bound
in the active site. Indeed, the acetoacetyl-CoA included
in the crystallization conditions is rapidly broken down to
form acetyl-CoA and acetylated enzyme, in the first step
of the thermodynamically favored degradative thiolase
reaction. The acetylated enzyme is labile to hydrolytic
decomposition with a half-life of 2 min [2], allowing
eventually for the complete conversion of acetoacetyl-
CoA to CoA and acetate. The fresh acetoacetyl-CoA
included in the 30 second cryoprotecting soak will also be
degraded to acetyl-CoA and the acetylated enzyme. The
acetyl-CoA is exchanged for CoA, which is in excess in
the mother liquor, but the prompt freezing of the crystal
causes the acetyl–enzyme intermediate to be trapped
prior to hydrolysis (see below). 
The substrate-binding pocket of biosynthetic thiolase is
located close to the tetramerization motif, on the surface
of the enzyme facing the opposite dimer of the
tetrameric assembly (Figure 3c). The overall mode of
binding of CoA is most striking in that it involves only
one direct hydrogen bond with the protein: between the
NP2 atom in the pantetheine moiety and the mainchain
oxygen of Ser247. All other hydrogen-bonding contacts
are mediated by one or more water molecules. Thus, in
the 3′-phosphate ADP moiety of CoA the N1, N3 and N6
atoms of the adenine group are only indirectly linked to
the protein, via water-mediated hydrogen bonds to
Thr224 and Ser227 and Gly244, respectively (Figure 4).
The pi electrons of the adenine ring system form a van
der Waals stacking interaction with the pi electrons of
Arg220. The 3′-phosphate and 5′-pyrophosphate groups
point towards the solvent and have no hydrogen-bonding
partners with the protein. The small number of interac-
tions between the 3′-phosphate ADP moiety of CoA and
the protein are in agreement with kinetic studies that
show that biosynthetic thiolase is almost as active
towards substrates lacking the 3′-phosphate ADP moiety
as towards acetoacetyl-CoA, as judged from values of kcat
for these substrates [30].
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Figure 4
Contact distances between the CoA molecule
and subunit B of biosynthetic thiolase. The
catalytic residues Cys89, His348 and Cys378
are also shown. Water molecules are
represented as gray circles. There is only one
direct hydrogen bond between the protein
and the CoA molecule, between Ser247 and
the NP2 atom of CoA. Most other contacts
are mediated by one or more water molecules.
Distances are given in Ångstroms.
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Structure
The pantetheine moiety binds in a deep pocket lined by
several hydrophobic sidechains. One of these, Met134, is
in the tetramerization loop of the opposite dimer. The
only hydrophilic residues on the surface of this pocket are
Ser247 and His156. Both are well conserved in thiolase
sequences. Water-mediated hydrogen bonds link the
NP1, OP2 and OP3 atoms with the His156 sidechain and
various mainchain protein atoms (Figure 4). Surprisingly,
the sidechain of Ser247 is not involved in binding CoA.
The OP1 atom in the pantetheine moiety of CoA has no
hydrogen-bonding partners, despite being located close to
the sidechain of His156.
An intriguing feature of the structure of the thiolase–CoA
complex is the close proximity of the phosphate groups
of CoA to three basic sidechains belonging to subunits in
the opposite dimer (Figure 3c). Indeed, the basic
sidechains of Arg207 and Lys208 of subunit D as well as
that of Lys133 of subunit C are all less than 10 Å away
from an acidic phosphate group of the CoA molecule
bound to subunit B. The importance of these basic
residues is underpinned by their high degree of sequence
conservation among biosynthetic thiolases (data not
shown). Even a very small degree of rotational flexibility
in solution of the A–B dimer with respect to the C–D
dimer would be sufficient to bring all three residues
within hydrogen-bonding distance of a phosphate atom
of the CoA molecule. The resulting hydrogen-bonding
interactions could affect the binding constant of the sub-
strate, and may therefore have an important role in catal-
ysis, for example by promoting the exchange of product
for substrate.
The basis for substrate specificity
The tightness of fit of the CoA molecule near the catalytic
Cys89 and the absence of any cavities in this region pro-
vides a simple explanation for the inability of biosynthetic
thiolases to utilize larger fatty acyl substrates. The CoA
sulfur atom is closely surrounded by the catalytic residues
and two methionine residues (Met157 and Met288),
leaving no space for a long fatty acyl chain (Figure 5). This
is in contrast with the larger substrate-binding pocket of
yeast degradative thiolase [23]. The additional space in
the degradative thiolase substrate-binding pocket has
been proposed to accommodate fatty acyl chains and in its
structure is partly occupied by 2-methyl-2,4-pentanediol
(MPD) [23]. The corresponding space in biosynthetic thi-
olase is occupied by residues 142–148 of the loop domain
(Figure 1). These residues are highly conserved in biosyn-
thetic thiolases. In particular, the hydrophobic nature of
Met143 and Leu148, which define part of the surface of
the substrate-binding pocket, is strictly conserved.
The tight fit of CoA in the substrate-binding pocket raises
the question of how the extra bulk of the other substrates,
namely acetyl-CoA and acetoacetyl-CoA, is accommodated.
The most likely possibility is that these substrates bind
slightly less deeply in the binding pocket. The large
number of water-mediated hydrogen bonds between CoA
and the protein in the crystal structure combined with the
near absence of direct hydrogen bonds (Figure 4) should
confer the ligand some flexibility in its mode of binding,
allowing the extra acetyl group to be accommodated in the
narrow binding pocket. This notion is supported by the
higher B factors of the CoA molecules relative to the adja-
cent protein atoms (Figure 3a; Table 1). Furthermore, the
OP1 atom of CoA has no hydrogen-bonding partners in the
crystal structure, but could interact with the sidechain of
His156 if the CoA molecule were bound a few Ångstroms
further away from the active site. In this mode of binding,
the sidechain of Ser247 could also become hydrogen
bonded to the pantetheine moiety of acetyl-CoA or ace-
toacetyl-CoA, as is the case in the predicted mode of
binding for acetoacetyl-CoA in degradative thiolase [23].
This would explain the strict sequence conservation of
Ser247. Finally, if acetoacetyl-CoA adopted a binding con-
formation ~2.5 Å further out from the active site, the 
3′-phosphate group of CoA could form a direct hydrogen
bond with the sidechain of Lys208 in the opposite dimer,
which in this structure is 5.6 Å away (Figure 3c). This
would strengthen the binding of acetoacetyl-CoA relative to
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Figure 5
The shape of the substrate-binding pocket near the active site. The
CoA sulfur atom is closely surrounded by the catalytic residues and
two methionine residues, Met157 and Met288 (shown in green),
leaving no space for a long fatty acyl chain. (The figure was made
using the program GRASP [47].)
acetyl-CoA, and might therefore cause the biosynthetic
reaction to be favored.
The acetyl–cysteine covalent reaction intermediate
The electron-density maps clearly show that Cys89 is
acetylated (Figure 6). The characterization of the acety-
lated enzyme as a reaction intermediate in the degradation
of acetoacetyl-CoA trapped by freezing is supported by
the absence of any modification of Cys89 in crystals grown
in the presence of CoA rather than acetoacetyl-CoA in the
mother liquor (data not shown). The acetyl group has
been built such that the methyl group points towards the
possible binding site for the longer fatty acid tail in the
degradative thiolase. The thioester oxygen points towards
the catalytic site and is in hydrogen-bonding contact with
the sulfur atoms of CoA and Cys378 (Figure 7). The sulfur
atom of Cys89 is rotated by 21° (towards His348) with
respect to the catalytic cysteine in the unliganded
degradative thiolase [23], but the conformation of the
other two catalytic residues, His348 and Cys378, is the
same in the biosynthetic and degradative thiolases.
As the enzyme molecules in the crystal were catalyzing
the degradation of acetoacetyl-CoA before being frozen,
the reaction intermediate observed in the crystal structure
must be that immediately preceding the rate-limiting step
of the degradative thiolase reaction. The electron-density
maps show that the intermediate consists of CoA and
acetylated enzyme (state II in Figure 8), suggesting that
the deacylation of Cys89 is rate limiting. This is in perfect
agreement with previous reports based on kinetic and
mechanistic studies [2].
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Figure 6
Stereoview difference electron density omit
map near the active site of subunit B. The
map is a weighted Fo–Fc map calculated with
data between 50 Å and 1.92 Å resolution,
after refinement with a model in which the
CoA molecule and the entire Cys89 residue
were omitted from subunit B. The contouring
is at 2.7σ. The map has strong positive
density corresponding to the missing CoA
molecule, Cys89 and an acetyl group from the
substrate, which is covalently attached to
Cys89. The structure therefore represents an
intermediate state of the thiolase reaction
(state II in Figure 8). (This figure was prepared
using the program O [39].)
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Figure 7
The structure of the CoA molecule (green
carbon atoms) bound to subunit B of
biosynthetic thiolase. The orientation is similar
to that in Figure 1b. The catalytic residues
(Cys89, His348 and Cys378) and some of
the residues that are important for substrate
binding (His156 and Ser247) are colored
with yellow and cyan carbon atoms,
respectively. Residues that belong to the
buried hydrogen-bonding network which leads
to the molecular surface (Glu314, Asn316
and Arg356) are shown with pink carbon
atoms; water molecules are represented as
red spheres. An MPD molecule (in gray) is
shown as seen in the degradative thiolase
molecule when superimposed on the
biosynthetic thiolase structure. It occupies
part of the proposed fatty acyl tail binding site
in degradative thiolase; this site is occluded in
biosynthetic thiolase by helix Lα(142–146)
and the following specificity loop. Hydrogen
bonds that are important for the reaction
mechanism or substrate binding are
highlighted with dashed lines. A solid black
arrow shows the sulfur atom of CoA attacking
the acetyl–enzyme intermediate. (The figure
was made using the programs MOLSCRIPT
[45] and Raster 3D [46].)
Implications for the reaction mechanism
All thiolases, whether they are biosynthetic or degradative
in vivo, preferentially catalyze the degradation of 3-keto-
acyl-CoA to form acetyl-CoA and a shortened acyl-CoA
species, but are also capable of catalyzing the reverse
Claisen condensation reaction (Figure 8). It is well estab-
lished from studies on the biosynthetic thiolase from
Z. ramigera that the thiolase reaction occurs in two steps
and follows ping-pong kinetics [18]. In the first step of
both the degradative and biosynthetic reactions, the
nucleophilic Cys89 (or its equivalent) attacks the acyl-CoA
(or 3-ketoacyl-CoA) substrate [2], leading to the formation
of a covalent acyl-CoA intermediate [1,19,20]. In degrada-
tive thiolases, the acyl group may vary in length between
four and about 22 carbon atoms; biosynthetic thiolases
only accept up to four carbon atoms. In the second step,
the addition of CoA (in the degradative reaction) or acetyl-
CoA (in the biosynthetic reaction) to the acyl–enzyme
intermediate triggers the release of the product from the
enzyme (Figure 8). 
Active-site labeling studies have demonstrated the
importance of His348 for catalysis [18]. The crystal struc-
ture of unliganded degradative thiolase suggested that
His348 could be important for activating Cys89 for nucle-
ophilic attack in the first half of the reaction [23]. This
role is in even better agreement with the active-site
geometry of the complexed structure in which the sulfur
atom of Cys89 is only 3.2 Å away from the Nε2 atom of
His348 (in the unliganded degradative thiolase structure
this distance is 4.1 Å).
Cys378 is important in both steps of the thiolase reaction,
as observed in enzymological studies of the Cys378→Gly
mutant of biosynthetic thiolase [17]. The proximity of the
sulfur atoms of Cys378 and CoA (4.9 Å; Figure 4), sug-
gests that Cys378 can act as the acid in step 1 of the
biosynthetic reaction (Figure 8). In step 2 of the biosyn-
thetic reaction, Cys378 acts as a base, activating the
methyl group of acetyl-CoA for nucleophilic attack. The
exact mode of binding of acetyl-CoA remains unknown,
but the active-site geometry of the complex suggests that
the sulfur atom of Cys378 can either donate a proton to
the sulfur atom of CoA (in step 1), or abstract a proton
from the methyl carbon atom of acetyl-CoA (in step 2).
This would require CoA and acetyl-CoA to bind in
slightly different positions, which seems plausible given
the abundance of water-mediated hydrogen bonds
between CoA and the enzyme. The substrate activation
by Cys378 is facilitated by the hydrogen bond between
the oxygen atom of the acetyl–Cys89 intermediate and
the sulfur atom of Cys378 (Figure 4). This is in good
agreement with the observation that the proton exchange
of the acetyl-CoA methyl group is much more efficiently
catalyzed by the acetylated enzyme than by the un-
liganded enzyme [30,31].
Two active site water molecules located near Cys378 also
modulate the catalytic properties of this residue. These
water molecules are sandwiched between the sidechains
of Cys378 and Asn316, which are strictly conserved
among thiolases. Asn316 forms part of a hydrogen-
bonding network which continues towards the back
surface of the molecule and includes the sidechains of the
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Figure 8
The proposed two-step, ping-pong mechanism for the thiolase
reaction. Red arrows indicate the biosynthetic reaction; blue arrows
trace the degradative reaction. In both directions, the reaction is
initiated by the nucleophilic attack of Cys89 on the substrate to form a
covalent acetyl–enzyme intermediate. Cys89 is activated for
nucleophilic attack by His348, which abstracts the sulfide proton of
Cys89. In the second step of both the biosynthetic and degradative
reactions, the substrate nucleophilically attacks the acetyl–enzyme
intermediate to yield the final product and free enzyme. This
nucleophilic attack is activated by Cys378, which abstracts a proton
from the substrate.
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fully conserved and buried Glu314 and Arg356 residues
(Figure 7). A similar hydrogen-bonding network from the
active site towards the back of the molecule is also
present in yeast degradative thiolase [23]; its conservation
across the thiolase family suggests that it is important for
the catalytic properties of thiolases.
Biological implications
Biosynthetic thiolases catalyze the biological Claisen
condensation of two acetyl-CoA molecules to form
acetoacetyl-CoA by the formation of a covalent
carbon–carbon bond between an electrophilic and a
nucleophilic carbon atom. This is one of the fundamental
categories of carbon skeletal assembly patterns in biolog-
ical systems and is the first step in many biosynthetic
pathways. Thiolases also catalyze the reverse reaction,
the thiolytic cleavage of a 3-ketoacyl-CoA molecule.
Catalysis is achieved in two steps: an acyl group from the
first substrate (acetyl-CoA or 3-ketoacyl-CoA) is trans-
ferred to Cys89 to form a covalent intermediate, and the
second substrate (acetyl-CoA or CoA) then nucleophili-
cally attacks the acyl–enzyme intermediate to yield the
product and free enzyme. The mechanism by which the
second substrate is activated for nucleophilic attack on
the acyl–enzyme intermediate remains unresolved and
presents an important question.
The structure of a biosynthetic thiolase reported here
reveals a novel tetramerization motif, which forms a
stable but flexible link between two tight thiolase dimers.
This mode of tetramerization allows a certain degree of
hinge motion of the associated tight dimers with respect
to each other. This conformational flexibility may affect
the binding constant of the substrate, intermediate and
product, and could therefore be important for catalysis.
The tightness of fit of the substrate in the active-site
pocket offers a simple explanation for the narrow chain-
length specificity of biosynthetic thiolases for small sub-
strates, compared with the broad chain-length specificity
of degradative thiolases.
Several features of the structure near the active site have
important implications for the reaction mechanism.
First, the interaction between Cys89 and His348 shows
that the reaction is initiated by the activation of Cys89
for nucleophilic attack by His348. Second, Cys378 is
positioned such that it can exchange protons with either
the CoA sulfur atom or the C2 acyl atom of the sub-
strate. Third, the function of Cys378 is modulated by a
water-mediated hydrogen-bond network which extends
to the back surface of the molecule. Finally, the thioester
oxygen of the acetylated Cys89 residue points towards
the sulfur atoms of Cys378 and CoA. This oxygen will
therefore facilitate the proton exchange catalyzed by
Cys378. The close sequence similarity between degrada-
tive and biosynthetic thiolases implies that these aspects
of the reaction mechanism are conserved in degradative
thiolases. Further studies are required to establish if the
flexible assembly of the two tight dimers is an evolution-
ary adaptation to favor the condensation reaction.
Materials and methods
Expression and purification
The protocols used for the expression and purification of recombinant
biosynthetic thiolase from E. coli were based on those of Thompson et
al. [2]. The pure biosynthetic thiolase was frozen in liquid nitrogen and
stored at –80°C in 10 mM Tris-HCl pH 8.1, 1 mM EDTA, 5% glycerol,
0.1% β-mercaptoethanol and 10 mM reduced dithiothreitol (DTT). The
identity of the purified protein was confirmed by N-terminal sequencing
of the protein by Edman degradation.
The molecular weight of the thiolase was measured by electrospray
ionization mass spectrometry. A value of 40,495.5 Da was obtained.
This is 153.4 Da greater than the mass expected from the sequence.
Sequencing of the gene revealed two differences with respect to the
published sequence [32]: an additional alanine residue was inserted
after Ser10, and residue 129 was found to be an arginine rather than
an alanine (Figure 1b). These mutations bring the expected molecular
mass to 40,498.3 Da, which is in agreement with the observed mass.
The two mutations were later confirmed by inspection of the electron-
density maps. The new sequence is in much closer agreement with
other known sequences of biosynthetic thiolases.
The native molecular weight of the purified protein was measured by
analytical ultracentrifugation as 152 kDa, suggesting that the protein is
a tetramer in solution. This agrees with previous reports of a tetrameric
quaternary structure for biosynthetic thiolases [6,29].
The enzyme activity was measured in the direction of thiolytic cleavage
of acetoacetyl-CoA according to the method used by Thompson et al.
[2]. Assuming an extinction coefficient of 16.9 mM–1cm–1 for the Mg-
acetoacetyl-CoA complex, an average reactivity of biosynthetic thiolase
to Bradford reagent, and a subunit molecular weight of 40.5 kDa, the
kcat was determined as 620 s–1. This is in close agreement with previ-
ously published values [2,30].
Crystallization and data collection
Crystals were grown at 21°C using the hanging-drop vapor diffusion
method. The protein was diluted with buffer to 4 mg ml–1, and 5 mM
acetoacetyl-CoA was added to the protein solution prior to all crystal-
lization trials. The best crystals were obtained with 1 M lithium sulfate,
0.9 M ammonium sulfate, 0.1 M sodium acetate pH 5.0, 1 mM DTT,
1 mM EDTA and 1 mM sodium azide, based on the results of an incom-
plete factorial screen [33].
The crystals were prepared for data collection by adding an equal
volume of an aqueous solution of 50% (v/v) MPD and 5 mM ace-
toacetyl-CoA directly to the hanging drop. The crystals were flash
frozen in a stream of gaseous nitrogen cooled to 100K. The time
between addition of the cryoprotecting solution containing fresh ace-
toacetyl-CoA and freezing was ~30 s. The data used for refinement
were collected from two crystals, one at the EMBL/DESY X31 beam-
line in Hamburg, and the other on beamline ID14 at the European Syn-
chrotron Radiation Facility (ESRF), Grenoble.
Data processing
The diffraction images exhibited a pronounced form of anisotropic dis-
order along the c* direction, resulting in a very high mosaicity along c*,
and a low mosaicity along a* and b*. As a result, the reflections had the
shape of an elongated ellipsoid in reciprocal space, with the elongated
axis of the ellipsoid pointing along c*. Because of the anisotropy of the
reflections, the accurate integration and merging of the biosynthetic thi-
olase data was dependent on the use of three-dimensional spot pro-
files for integration of individual reflections. The data were collected in
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thin slices of 0.4° and processed with XDS99 [34]. The primitive mon-
oclinic lattice had dimensions a = 84.4 Å, b = 78.9 Å, c = 149.7 Å,
α = 90°, β = 93.5°, γ = 90° for the dataset collected at DESY, and
a = 84.8 Å, b = 79.1 Å, c = 150.1 Å, α = 90°, β = 93.5°, γ = 90° for the
dataset collected at the ESRF. The resulting Matthews coefficient, Vm,
is 3.0 Å3 Da–1, with one tetramer per asymmetric unit. The signal-to-
noise ratio for reflections with k = 2n + 1 identified the space group as
P21. This space group was confirmed by subsequent molecular
replacement calculations. After data processing and integration, all
data were scaled and merged together (with SCALA [35]). The final
statistics for the data processing are given in Table 1. The resulting
structure-factor intensities were converted to amplitudes (with TRUN-
CATE [35]). The overall isotropic B factor of the dataset was 24.9 Å2.
A test set (5%) of the data was set aside for Rfree calculations [36].
Molecular replacement
The initial phases for biosynthetic thiolase were obtained by molecular
replacement (with AMoRe [37]). The coordinates of subunit A of yeast
peroxisomal degradative thiolase (PDB accession code 1afw [23])
were used as the search model. On the basis of a sequence alignment
(made with CLUSTAL_X [38]) all residues of the search model that
were not conserved in biosynthetic thiolase were trimmed to alanine.
Residues 1 to 30 were omitted entirely. Data between 20 and 3.4 Å
resolution were used for the molecular replacement calculations. The
radius for the rotation function calculations was set to 29 Å.
The solution giving the highest peak in the rotation function was used
as input for the translation function. This gave the position of the first
subunit. The position of the second subunit was identified by perform-
ing the translation search using the second peak in the rotation func-
tion as input, with the first subunit fixed. This improved both the
correlation coefficient and the R factor of the resulting translational
solutions (Table 2). The packing of the first two solutions was checked
using the program O [39]. Not only were there no significant steric
clashes between the two subunits, but they were found to assemble
into a dimer in exactly the same way as the degradative thiolase dimer,
thereby confirming the correctness of the solutions. The packing analy-
sis also showed that subunits A and B formed distinct layers perpen-
dicular to the z axis or c* direction.
The third and fourth subunits were identified in a similar fashion to the
first two subunits. However, the signal-to-noise ratio for the third and
fourth subunits was much lower (Table 2). Subunits C and D formed a
similar dimer to that formed by subunits A and B. Subunits C and D
also form layers perpendicular to the z axis, perpendicular to the direc-
tion of disorder in the crystal, but the packing of dimers in the C–D
layer is different to that in the A–B layer. Thus, the anisotropy of the dif-
fraction pattern seems to result from the layered packing of the protein
in the crystal lattice. The molecular replacement solutions for the four
subunits agree precisely with the peaks in the self-rotation function for
κ = 180°. The tetrameric model after rigid-body refinement had an
R factor of 47.3% (Table 2).
Refinement and validation
The model was initially refined by simulated annealing molecular dynam-
ics refinement (with CNS [40]). Fourfold noncrystallographic symmetry
(NCS) restraints with 222 symmetry were applied. The resulting elec-
tron-density maps allowed many sidechains to be added or mutated.
After a second round of simulated annealing molecular dynamics refine-
ment the model had an R factor of 39.1% and an Rfree of 41.4%.
Further refinement of the biosynthetic thiolase model was carried out
with REFMAC [41]. Restrained isotropic B factors were refined individ-
ually for each atom, and the noncrystallographic restraints were pro-
gressively released. Several cycles of refinement followed by model
building were required. The electron density for subunits A and B was
of high quality (Figure 6), allowing all residues and their sidechains to
be modeled, except residues 1–3. However, the electron density for
subunits C and D was much poorer, and the B factors for subunits
C and D were relatively high (Table 1). These effects are attributed to
the anisotropic disorder resulting from the layered packing of the
protein in the crystal lattice.
Water molecules were added iteratively at the end of each refinement
cycle (with ARP [42]). At this stage both the 2Fo–Fc and the Fo–Fc
electron-density maps showed clear, positive density for the CoA mol-
ecules in subunits A, B (Figure 6) and C, but the density for the CoA
molecule in subunit D was very weak. A total of 718 water molecules
were included in the final coordinates. Four CoA molecules and six
sulfate ions were added to the model. Finally, an acetyl group was
added to Cys89 on the basis of the electron-density maps. After the
final refinement cycle, the model had an Rfree of 25.6% and an
R factor of 20.9% for data between 50 and 1.92 Å (Table 1). The
quality of the model was assessed with the structure validation pro-
grams PROCHECK [27] and WHAT IF [43].
Accession numbers
The coordinates and structure factors have been deposited in the Protein
Data Bank with the accession codes 1qfl and r1qflsf, respectively.
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